Abstract. In this paper, we will address the endeavors of three disciplines, Psychology, Neuroscience, and Artificial Neural Network (ANN) modeling, in explaining how the mind perceives and attends information. More precisely, we will shed some light on the efforts to understand the allocation of attentional resources to the processing of emotional stimuli. This review aims at informing the three disciplines about converging points of their research and to provide a starting point for discussion.
Introduction
In this paper, we address the endeavors of three disciplines, Psychology, Neuroscience, and Artificial Neural Network (ANN) modeling, in explaining how the mind perceives and attends information. More precisely, we address the efforts to understand the allocation of attentional resources to the processing of emotional stimuli. By bringing the three disciplines together, we aim at informing researchers about some of the recent advances in the other disciplines: whereas temporal attention and emotion are often studied separately, and with very disciplinary approaches, we argue that advances in one domain can help to refine the others. We further argue that the interplay between Psychology, Neuroscience, and ANN modeling lies in the constraints that each discipline can impose on the others, offering converging evidence towards one common goal. To focus our enterprise, we will address results from studies investigating the modulation of temporal attention by emotional stimuli. Temporal attention contrasts with other types of attention, like spatial attention, by setting the focus on the unfolding allocation of attentional resources to the processing of stimuli over time, and the underlying processing dynamics. Studies addressing temporal attention use experimental paradigms like Rapid Serial Visual Presentations (RSVP), for which it has been shown that emotional stimuli elicit particular patterns of response. Our paper is structured as follows. In the next section, we present the recent theoretical advances in emotion psychology with regards to the modulation of temporal attention by emotion. The third section describes the brain mechanisms highlighted by neuroscience, pointing out the key areas of the brain involved in the cognitive functions of attention and emotion, and the brain mechanisms underlying their interaction. In the fourth section, we will briefly present some of the ANN modeling proposed to account for the modulation of temporal attention. We will conclude by highlighting some of the issues an interaction between Psychology, Neuroscience, and ANN modeling can help to resolve.
Psychological Perspectives on Pre-attentive Processes and Emotion
Psychology plays a major role in preparing the stage for the interplay between the disciplines. In this section, we will first describe the modulation of temporal attention by emotion, along with some of the behavioral results issued from experimental psychology. We will then introduce two sets of theories that have a special interest in describing the unfolding dynamics underlying the allocation of attentional resources to the processing of emotional stimuli.
The Modulation of Temporal Attention by Emotion
In a typical RSVP experiment, participants are presented with rapidly flowing images (presented at a frequency ±10 Hz), one replacing the other at the same spatial location on the screen. Participants are asked to spot and perform tasks on one or more targets embedded within distracting images. Varying the time interval between two targets renders it possible to indirectly measure the amount of resources that is allocated to the processing of targets: results in a typical dual task experiment indeed show that the perception and processing of a first target (T1) hinders the perception and processing of a second target (T2) if it appears within 200-400 milliseconds after T1 (Figure 1 ). This phenomena has been rhetorically named an "Attentional Blink" (AB) [13] . Interestingly, emotional targets seem to benefit from a processing bias, alleviating the blink. If extensive research has been done on temporal attention, surprisingly little has been devoted to the modulation of temporal attention by emotion.
In an early study, Anderson and Phelps [1] showed that, not only did negative words alleviate the typical blink response compared to neutral words, but also that the amygdala was critical to benefit from the emotional significance of the words. These authors concluded that a critical function of the human amygdala is to enhance the perception of stimuli that have emotional significance. As we will discuss in the next section of the paper, the amygdala seems to play an important role in the interaction between attention and emotion. The modulation of the blink by the intrinsic significance of the targets has also been reported in a study showing that participants did not experience an AB for their own names but did for either other names or nouns [18] . Equivalent results have been reported when T2 targets were familiar faces compared to unfamiliar faces, the former alleviating the blink [8] . The latter results have been shown to be sensitive to trait personality differences, like trait anxiety.
In the remain of this section, we will provide the reader with accounts from current theoretical frameworks of emotion psychology. In the landscape of emotion theories, two sets of theories have a particular interest in describing the unfolding dynamics underlying the genesis of emotions, and the allocation of attentional and cognitive resources to the processing of emotional stimuli.
Accounts by "Basic Emotions" Theories
The concept of basic emotions refers to the postulate that there is a small number of emotions, fundamentally distinct from one another [5, e.g.] . As a result of this perspective, some emotions have been studied more thoroughly than others, as in the case of fear for which several models are proposed. In this theoretical thread,Öhman and colleagues [12] proposed an evolved module of fear and fear learning. Shaped by evolutionary pressure, this so-called fear module would have become specialized in the solving of potentially harmful situations for the species, like snakes, spiders or particular social encounters. The authors further argue that a dysfunction of this module would explain the selective anxiety disorders that are commonly described, like snake phobias, spider phobias, or social phobias, respectively [11] . The authors describe this module as being selective, automatic, encapsulated, and implemented in a dedicated cerebral circuit centered on the amygdala. This module is related to the research on fear conditioning in rats by LeDoux [10] , who showed evidence for two routes involved in the processing of fearful stimuli, emphasizing the role of the amygdala in early stages of the processing. Interestingly, this last model has been computationally modeled using plausible ANN [2] , offering converging evidence that responses to fear conditioning could occur even without the impulse from primary auditory cortices.
Accounts by Appraisal Theories of Emotions
The theoretical framework offered by the appraisal theories of emotions posits that emotions result from cognitive appraisals that individuals make about occurring events. Unlike the theories previously described, these theories suggest common mechanisms to the genesis of all emotions. These mechanisms can take the form of rapid, automatic, unconscious, cognitive appraisals evaluating stimuli against particular criteria. In other words, the process causally linking a stimulus to an emotional response is divided into multiple cognitive processes, which are common to every emotions, and that, in turn, evaluate the stimulus against a finite number of criteria. The result of this appraisal process yields to the genesis of a particular emotion. Several appraisal theories are available [16, for a review], out of which we selected Scherer's Component Process Model [15] for being sufficiently detailed to allow precise predictions, and sufficiently general to encompass a fair number of phenomena.
The Component Process Model defines an emotion as an episode of interrelated, synchronized changes in the states of all or most of the five subsystems classically described in the emotion literature, in response to the evaluation of an external or internal stimulus event as relevant to major concerns of the organism. More precisely, Scherer defines the nature and the functions of the cognitive evaluations yielding to the genesis of an emotion. These evaluations are described in terms of cognitive appraisals, named Stimulus Evaluation Checks, allowing the genesis of differentiate emotions. One can see checks as devoted processes evaluating the stimulus in regards to a specific criteria. The concept of relevance is at the core of the theory, being the first step in the sequence of appraisals [15] . It is also of particular importance in our endeavor as this first appraisal process is believed to determine the amount of cognitive resources to be allocated to the further processing of the perceived stimulus. This mechanism is evolutionarily justified in that it provides the organism with the economy of available resources, only allocating processing resources to important stimuli.
In general, any stimulus that could potentially influence the goals, or maintain the individual, in a sustained level of well-being is considered relevant. From this first appraisal unfold the orienting of the attention towards the stimulus event, the allocation of cognitive resources to its further processing, and the preparation of the organism to a behavioral response. A facial expression of fear or anger, for instance, will both represent a relevant information for the individual, signaling the occurrence of a negative event, obstructing the goals of the individual, or a potential danger. The degree to which the individual will process this information, allocating more or less attentional resources to its processing, attributing to it a particular emotional value, and adequately choose a line of reaction will depend on his goals, his needs, or the context in which the stimulus appeared. As will be discussed in the next section, the amygdala may be a potential candidate for implementing some kind of relevance detector [14] .
To summarize, both sets of theories emphasize the role of pre-attentive processing mechanisms in the unfolding of temporal attention and allocation of resources to cognitive processing. Whereas the predictions from the "basic emo-tions" theories are mainly focused on threat-related stimuli, the predictions from the appraisal theories of emotion extend to any stimulus which is relevant to the organism, for any of many different reasons. Finally, both sets of theories emphasize the role of subcortical brain areas, like the amygdala, in subserving these mechanisms. Therefore, we suggest that the influence of emotion over temporal attention can occur in a pre-attentive scenario, as soon as the perceived, relevant stimuli enters the thalamo-amygdala circuitry.
Pre-attentive Processes and Emotion in the Light of Neuroscience
The knowledge gained from Neuroscience is of two kinds. Using very different technologies, researchers either describe the topography of the brain networks involved in specific tasks, or the temporal dynamics at play in these networks of structures. In this section, we will set a particular emphasis on the description of the dynamics involved in the modulation of both attention, and temporal attention, by emotion.
Brain Mechanisms Underlying the Modulation of Attention by Emotion
Endogenous modulation of attention (e.g., spatial attention) by emotion, is often described in terms of top-down bias effects from one region of the brain in favor of other, lower level, regions of the brain [20] . Many neuroscience studies have indeed shown enhanced responses to emotional stimuli relative to neutral stimuli, and researchers suggest that direct top-down signals might be emitted not only from fronto-parietal regions (e.g., Pre-Frontal Cortices, PFC), but also from subcortical regions like the amygdala. As discussed in the previous section, the amygdala, in particular, is known to be crucial in fear processing and fear learning [10] . Its position in the processing stream of perceptual information makes it a perfect candidate to potentially influence many cortical and subcortical regions. However, if two routes have reliably been identified in rats, there is still some debate about the precise circuitry involving the amygdala in humans. Regardless of the hypothesis advanced, researchers agree nonetheless to attribute an initial appraisal of emotional significance to this structure, based on limited information, early in the processing stream. This influence could take the form of direct feedback to sensory cortices, but also as indirect modulation of parietal and frontal regions (e.g., PFC). This latter signals would then produce a cascade of events which would signal emotional significance.
Brain Mechanisms Underlying the Modulation of Temporal Attention by Emotion
Dehaene and colleagues used recordings of event-related potentials (ERP) to compare the temporal dynamics of seen and unseen (blinked) words in a typical AB experiment [4, 17] . Describing the cortical activations of unseen words, the authors report a drop in the waveform of components peaking around 300 milliseconds, which correlated with behavioral visibility ratings. Whereas ERP methodology cannot be used to make unambiguous inferences about brain localizations, estimations techniques allow to roughly determine the sources of cortical electrical activity. Using this approach, the authors report that seen words, compared to unseen words, initiated an intense spread of activation within left temporal and inferior frontal regions (about 300 milliseconds after stimulus onset), which would then spread to lateral prefrontal and anterior cingulate cortices (about 440 milliseconds), before extending in more posterior regions (about 580 milliseconds). In their interpretation, the authors introduce the concept of a global workspace, which refers to the notion that the different high-level, specialized, brain areas involved in the processing of visual stimuli interconnect to each other, to form a global workspace processing the stimuli into a unitary assembly supporting conscious reportability. Perceived stimuli would thus compete to recruit this global workspace that, once activated, only affords exclusive access, yielding to the inability to process subsequent stimuli for a transient period of time. Areas in the global workspace theoretically map onto the description of the processing streams involved in visual perception, from perceptual areas to higher associative areas of temporal, parietal, frontal, and cingulate cortex [4] . Which is to say that the bottleneck described in AB studies would therefore lay in such top-down influence of higher-level areas, like the PFC or more parietal areas, over the lower-level areas involved in the visual streams. A second scenario has been proposed by Hommel and colleagues in an article reviewing evidence from numerous imaging techniques [7] . In this article, the authors present a neurocognitive model of the AB, which situates the processing bottleneck reported in behavioral results in the rendering of an intrinsically parallel system into effectively serial dynamics: after nonselective processing in specialized perceptual cortices, stimuli are fed to object-specific temporal areas, where they are matched against long-term knowledge and, consequently, identified. Identified objects are then maintained in frontal working memory, and receive support by means of the synchronization of the relevant structures in frontal and parietal cortices. By closing a perceptual window, this synchronization stabilizes the representation maintained in working memory, increasing the likelihood that the target be reported, and preventing other stimuli from entering further processing.
If these two scenarios have received considerable interest from the research community and, being somehow complementary, do provide consistent explanations about the dynamics underlying temporal attention, and its modulation by top-down processes, none explicitly takes into account the modulation of temporal attention by emotion, and no better account is being offered as of today. To summarize, both representative scenarios start from the assumption that the processing of perceived stimuli is initiated in perceptual cortices, which then feed into fronto-parietal systems processed and aggregated feature-representations. These systems then complete the processing of the stimuli, whilst preventing other stimuli to interfere with the processing by one means or another. We therefore suggest that emotion may modulate temporal attention by means of topdown enhancing signals emitted very early in the processing stream, mediated by the amygdala, for instance.
ANN Modeling of Temporal Attention and Emotion
Because attention in general, and the AB in particular, represent fairly constrained and well described phenomena, a reasonable number of ANN models are available, compared to other phenomena, each emphasizing a different aspect of the findings. Out of the few models that exist, we selected three models for representing the range of focus ANN models can entail. This range of focus is best appreciated at the light of the abstraction level emphasized by each ANN model. In that sense, the first model we describe focuses on the high-level interpretation of the findings of behavioral experiments, whereas the second and third models set a special emphasis on the low-level neurobiological plausibility of the network and the dynamics involved. We discuss the appropriate balance between these levels in the conclusion of this manuscript.
In a recent effort to converge the different findings of the literature into a unifying theory of the AB, Bowman & Wyble [3] presented a model of temporal attention and working memory encapsulating 5 principles that represent the main effects described in psychology literature. This model, called the Simultaneous Type, Serial Token (ST 2 ) model, is modeled using several layers and explicit mechanisms closely mapping the effects that are described in the literature. Whereas results obtained with this model provide a good fit with the results reported in the literature, the authors acknowledge that their ambition was to provide a "cognitive-level explanation of the AB, and temporal attention in general", rather than a plausible implementation of the mechanisms described in Neuroscience studies. Therefore, we argue that it is unclear to what extent this data-driven implementation can fully explain the dynamics underlying the interaction between temporal attention and emotion, even though some of the principles this model rely on do refer to emotional significance, at least semantically.
A competing ANN model is provided by Dehaene and colleagues [4] . Unlike the previous ANN model, the authors based their model on the neurobiology of neural pathways from early sensory regions (Areas A and B) to higher association areas (Areas C and D). The global workspace, as described in the previous section, lays in the interconnections of the nodes in higher areas C and D (Figure 2, panel a) . In addition, the basic brick from which they built the model closely models a thalamo-cortical column, reproducing the laminar distribution of projections between excitatory and inhibitory spiking neurons. In doing so, they reproduced the basic computational unit that can be found in neural pathways, and managed to explicitly compare results from their model with actual neuroimaging data, providing converging evidence for a global workspace hypothesis. However, if their implementation closely models some aspects of neurobiology, it neglects other aspects that have been highlighted in Neuroscience research, and described in the previous section: one of which being the close interaction between subcortical and cortical structures in the processing of visual stimuli. Furthermore, their model does not provide any mechanism from which a modulation of temporal attention by emotion could arise. A third attempt at modeling temporal attention has been made by Taylor and colleagues [20, 6] in the COrollary Discharge of Attention Movement (CODAM) model. This model was developed by analogy to models of motor controls applied to attention [20, 19, 9] in which the creation of the attention modulation signal is emitted from a controller structure onto separate modules where activations are to be modulated (Figure 2, panel b) . The CODAM model is based on the descriptions provided by Neuroscience, both in terms of the structure of the network and of the dynamics implemented. As such, it contains input pathways leading to a working memory that can be influenced by the conjunction of several signals, both exogenous and endogenous. Critical to this approach is the Inverse Model Controller (IMC), which boosts the representation of perceived stimuli. This attentional boost is required for stimuli to reach working memory, and thus be reported. In conjunction with a conflict monitor, the IMC interferes with subsequent stimuli if the first stimuli has not yet reached the working memory. As a result, the monitor will suppress the second stimulus in the IMC, and thus withhold its attentional boost, hindering its successful encoding in working memory (i.e., yielding to an AB). This model also contains modules representing subcortical structures, like the amygdala. Input to the amygdala comes from crude, early signals directly from the input module, representing posterior sites in the brain. It also interacts with the OFC module, which encodes the value of stimuli and can influence attention via top-down activations.
Conclusion
In this paper, we addressed the perspectives of three disciplines in explaining temporal attention, and its modulation by emotion. We highlighted concepts issued from Psychology that are now being rediscovered by Neuroscience. The concept of relevance, for instance, central in the appraisal theories of emotion [15] seems to play a major role in the definition of the functional domain of the amygdala [14] . We then introduced several scenarios proposed by neuroscientists to account for the unfolding of temporal attention. Finally, we described examples of ANN models accounting for the AB, and some of the mechanisms implemented to underlie a modulation by emotional stimuli. However, ANN approaches are very different, depending on the abstraction level that modelers choose to pursue. The ST 2 model, for instance, only semantically represents the computations that could be implemented in the brain and, even though it provides a good fit with behavioral results, it does not, however, offer plausible converging evidence as to how emotional stimuli modulate temporal attention in the brain. The CODAM model, on the other hand, is structured on the basis of what has been described in the Neuroscience literature. By doing so, the authors had to fill in the blanks by making a number of assumptions. For instance, they introduced the notion of corollary discharge mediated by an Inverse Model Controller for which there is only indirect evidence. This offers new tracks to explore to both psychologists and neuroscientists.
In the introduction of this paper, we proposed that advances in one discipline could help to refine the other disciplines. We further argued that the interplay between the disciplines lied in the constraints that each discipline can impose on the others. These constraints can be expressed in the form of the goodness-of-fit between the models proposed by each discipline. In other words, by providing the three disciplines with a common goal, i.e. the modulation of temporal attention by emotion, we argue that the findings in one discipline should be able to address the findings in the others. Taking this interdisciplinary view, we raise a number of questions:
-Most of what is known about the modulation of temporal attention by emotion has been investigated using threat-material. What is the effect of positive relevant stimuli over the unfolding process of attention? -If relevance is subjectively determined by the appraised propensity of stimuli to affect the goals, the needs of the individual, how do inter-individual or personality factors modulate the unfolding process of attention? How could this be accounted for in Neuroscience, and in plausible ANN models? -If mechanisms like the corollary discharge have proven useful in modeling the modulation of temporal attention by emotion [6] , how do these mechanisms relate to recent findings in Neuroscience? In what way can we model the perceptual window described by Hommel et al. [7] ?
